Artificial coordinating fields (ACF) are proposed to deal with the motion planning problems of mobile robots in uncertain dynamic environments. An ACF around an obstacle can generate two orthogonal force vectors to a robot: one is called the coordinating force vector which is purposively designed in this paper, and the other is the repulsive force vector which is the same as that in a conventional artificial potential field. The ACF is designed according to the updated motion purpose and the relative states of the robot with respect to its local environment, and it also satisfies the robot's dynamic constraints. The direction of the coordinating force can be determined on line according to an optimal evaluation function. The ACF can effectively remove the local minima, and reduce the oscillation of the planned trajectory between multiple obstacles. Only local knowledge of the environments is needed in the ACF-based motion planning. The properties of the ACF such as controllability, adaptability, safety and reachability are studied and discussed in detail in this paper. Theoretical analysis and simulations are given to illustrate our main results.
ally encountered, where the robot is trapped and cannot move on. Moreover, there may be unnecessary oscillations on the planned trajectory between multiple obstacles [6] . The reason for these problems is that, in our opinion, this simple "repulsive and attractive" information model of the environments in APF methods cannot completely and accurately reflect the actual states and real motion purpose of the mobile robot. Hence, it is difficult or even impossible to decide the optimal or satisfactory motion behaviour in some complicated situations just based on this simple information model of the environments using only the attractive and repulsive forces of APF. In order to overcome the drawbacks of the conventional APFs, it does need to change the simple "repulsive and attractive" information model to another more appropriate information model of the environments, and make the new model adaptable to motion purpose and relative states of the mobile robot with respect to obstacles. Some methods have also been proposed to deal with the problems of the conventional APFs. Krogh [11] proposed a generalized potential field, in which the strength of repulsion is directly proportional to the speed of approach and inversely proportional to the minimum avoidance time. Satoh [12] proposed Laplace potential field, which requires the potential field to be harmonic, and satisfies the Laplace equation. In ref. [13] , the authors used viscous fluid field instead of conventional APF to achieve near optimal robust path planning. And in ref. [14] , electric-like fields were used for short-term navigation of a mobile robot. In addition, magnetic field [15] and electrostatic potential field [16] were both used in the navigation and motion planning problems. But all these methods either require some global environment information or only deal with navigation problems in static environments, and only a few of them take into account the actual dynamic constraints of the mobile robot such as saturations of velocity and acceleration. It is worth noting that in ref. [17] , two orthogonal fields were used, a scalar potential field in normal space and a circular field in tangent space around obstacles, to locally switch the robot from one trajectory to another in order to adjust the unknown changing environments. The idea of orthogonal fields is very similar to ours. But it needs to solve boundary value problems, and needs also some global environment information. The circular field is only used to shift the robot from one path to another when meeting unknown static obstacles, and the whole field is still a passive one as most existing fields; namely, it is not adaptable to the states and motion purpose of the robot in the local environment. Note also that in ref. [18] , a vortex field was proposed, which is also a passive field, and it has no repulsive force compared with APFs. Moreover, few of the existing potential fields can guarantee the safety and reachability of the mobile robot with consideration of the actual dynamic constraints in uncertain dynamic environments.
Therefore, an artificial coordinating field (ACF) is proposed in this paper. In order to overcome the drawbacks of APF, a special force vector called Coordinating Force is defined and added to the conventional APF, and the ACF is designed to be adaptable to the motion purpose and relative states of the mobile robot with respect to obstacles, which includes not only the information of relative positions of the robot with respect to an obstacle, but also the information of the relative velocity, maximum acceleration and velocity of the robot. Decision-making of the robot's behavior when avoiding an obstacle is based on a special variable, called coordinating factor λ , and it is simple and in an optimal way. The safety and reachability of the proposed method are theoretically analyzed with some assumptions on the environments. Simulation results are given to illustrate our method.
Definition of the ACF
The ACF is defined using force vector field in this paper, and without loss of generality, we restrict our study to the 2-D planar case. The planar U can be denoted as a ℜ is the set of all real numbers. D ∂ denotes the boundary of a subset D in U. Without speciality, a bold italic symbol denotes a vector. e(A) denotes the unitary vector of a vector A, i.e. e(A) = A/||A||, where ||A|| denotes the Euclidian norm of A. Difference of two points is a vector, e.g. A = q 1 −q 2 , where q 1 , q 2 ∈U, the direction of A is from q 2 to q 1 , i.e. e(A) = e(q 1 −q 2 ). Moreover, "a→b" denotes "a is approaching b nearly or very nearly". On the contrary, "a>>b" and "a<<b" denote that "a is much larger or much smaller than b" respectively.
Also without loss of generality, the mobile robot can be regarded as a point mass with weight M, and its goal is denoted by q d . An obstacle can be regarded as a point set O or O i in U, where the subscript i is to distinguish different obstacles. The obstacle O i may also be called obstacle i later on. The distance between two point sets O i and O j is defined as 1 Now define the attractive field at the goal q d of the mobile robot as:
where K a is to be defined. And for an obstacle O, define its ACF as:
where {1,0, 1} λ ∈ − is called coordinating factor,
; (1b) is the artificial repulsive-coordinating field of obstacle O, and it is also called in short artificial coordinating field (ACF) in this paper; (1c) is the repulsive force vector, K rO is to be defined; (1d) is the coordinating force vector, which is orthogonal to the repulsive force and whose direction is determined by λ , K nO is to be defined. For different obstacle O i , the aforementioned force vectors are rewritten in short as: F ci , F ri , F ni , respectively, and the corresponding parameters are rewritten as K ri , K ni , , respectively. If the repulsive force (1c) is replaced by the attractive force (1a), then the new artificial field is called artificial attractive-coordinating field. Moreover, we can also define the ACF in n-dimensional space using a similar method as above. At any time instant t, let the x-coordinate of the dynamic coordinates on the mobile robot with respect to an obstacle O be parallel to the coordinating force vector, and the y-coordinate be parallel to the repulsive force vector. Obviously, the ACF has twodimensional orthogonal force vectors. Thus it is a full-dimensional force vector field in the 2-dimensional dynamic coordinates. Hence, the mobile robot has two DOF to be controlled when meeting an obstacle in its dynamic coordinates, which may help to realize any desired motion behavior. Opposite to ACF, the conventional APF can only exert one-dimensional force to the mobile robot in the dynamic coordinates. Thus the mobile robot can only run away from the APF when meeting an obstacle, but cannot avoid the obstacle with intention. The authors hold the opinion that this is the real reason that there are local minima in conventional APFs for uncertain dynamic environments. Moreover, it is noted that the direction of the coordinating force vector in an ACF for any time instant is determined by λ. If we let λ = 0, then F cO (q) = 0 (referring to the point p in fig. 1 ), and there is only a repulsive force at point p in this case. That is, if we let λ ≡ 0 then the ACF is right the APF. Hence, APF is only a special case of ACF.
Compared with the conventional APF, states of the mobile robot can be controlled for some special purposes by using the orthogonal forces in the ACF, and more environmental information and motion purpose of the mobile robot can be represented in the ACF. Moreover, considering the motion planning problem in uncertain dynamic environments, only the distance between an obstacle and the mobile robot is close enough (e.g. less than a constant R). Then the obstacle can be detected by the robot's sensors. Therefore, the radius of the ACF of an obstacle is also less than the distance R around the boundary of the obstacle.
Properties and designs of ACF
This section discusses the properties of the ACF and provides the results on how to design the parameters of the ACF to obtain the desired properties in the motion-planning problem of a mobile robot in uncertain dynamic environments. Some notations are in-troduced as follows. The position of the mobile robot is denoted by q without speciality, the maximum velocity and acceleration of the mobile robot are V max (m/s) and a max (m/s 2 ), and the radius within which an obstacle can be effectively detected by the sensors is R. Assume that R>>2(V max ) 2 /a max . The region included by the circle at point q = (x, y) T with a radius R is called observable region denoted by P(q). All the static and moving obstacles in P(q) that can be detected by the sensors are denoted by sets O s and O d , respectively. For instance, if a static obstacle O i is detected by the sensors, then it can be written as O i ∈O s or i∈O s . Velocity vectors of the mobile robot and an obstacle O i are denoted by V r and V i , respectively, and the relative velocity vector of the mobile robot with respect to the obstacle O i is V ir = V r − V i . In this section, we design the ACF based on the analysis of the dynamics of the point robot in ACFs.
Controllability of a mobile robot in the ACFs
For the motion-planning problem, there is an attractive field F a (q) at the goal point
For any time t, the dynamics of the mobile robot in the artificial fields can be written as
where K f > 0 is a parameter to be defined, and is the desired velocity of the mobile robot. Eq. (2) is called a Planning Equation.
The first term on the right of the inequality is to balance the dynamics of the mobile robot and control the velocity to a desired level stably. And the last three terms stand for all the virtual forces received by the mobile robot, which can be rewritten as (2), and transforming (2) into state space equation form, we can have
where
It can be verified that (3) is complete state controllability. From (4), the state of (3) is completely controlled by the variables K a , K ri , K ni and of the ACFs. Hence, by
properly choosing the variables of the ACFs, the desired motion behavior of the mobile robot can be obtained. Without loss of generality, let = 0 in (2). Specially consider
the APF case, i.e. let λ i = 0 in (2) (4). F total will be zero in the local minima where the robot may be trapped. However, in ACFs, this is not the case. The local minima can be removed by properly choosing the coordinating factors and other variables of the ACFs such that F total cannot be zero. This is further discussed in the following sections.
Adaptability of the ACFs
For different collision risk or different relative states of the mobile robot with respect to obstacles, the mobile robot should adopt different motion behavior or strategy according to an optimal evaluation function. For this purpose, the ACFs should be adaptable to the collision risk or relative states of the mobile robot and can generate virtual forces of different magnitude and properties corresponding to different situations. This adaptability of ACFs can help the mobile robot to coordinate its motion behavior to avoid different types of obstacles and go to its goal in an optimal way. To this aim, evaluations of the collision risk of a mobile robot are investigated with only the local information of the environments. And then the ACF is designed using these evaluation functions. Note that ∠ (*,*) denotes the angle of two vectors later on.
Assume that the mobile robot with velocity V r and position q meets an obstacle O i with velocity V i at time t (see fig. 2 ). From point q, make two lines tangent to the boundary at point a and b, respectively. If the relative velocity 
Using the evaluations of the collision risk with respect to obstacles above, we define the corresponding variables of the ACF as follows:
(i) When the collision risk is increasing, the attractive force should be increased accordingly in order to attract the mobile robot to move towards its goal. However, too large a magnitude of the attractive force may affect the safety of the robot in complicated situations. Hence, we let (where k a > 0, M a > 0 are constants).
(ii) In order to guarantee the safety, the magnitude of the repulsive force should be proportional to the collision risk with respect to an obstacle O i . Hence, we let
where k rc >0 is a constant, k ri is to be defined, 1 0 ε < is the minimal relative collision risk corresponding to different situations to be defined.
(iii) As for the magnitude of the coordinating force, it is defined similarly to the repulsive force, and additionally it is defined to be limited:
where k nc > 0 is a constant, M n is the upper bound of K ni and satisfies M n >> sup( || || a F ), is similar to ε 1 , and k ni is to be defined.
It should be noted that from (5) (7), the magnitude of all the virtual forces is related with the collision risk. Especially, the magnitude of an ACF is a function of the relative collision risk. The higher the collision risk with respect to an obstacle is, the larger the force generated by the ACF of the obstacle. Hence, the dynamics is basically dominated by the obstacles with higher collision risks. This helps to guarantee the safety of the mobile robot.
Safety of a mobile robot in the ACFs
The safety of a mobile robot not only is related with the complexity of the environments but also is subjected to the dynamic constraints of the mobile robot. If V ir e(g i (q) − q) 0 whenever d(q, O i )→0, then there will be no collision to happen. For this purpose, we let k ri in (6) be ( ) 2 max 1 pos(d( , ) (pos( e( ( ) ))) 2 )
where n 1, pos(x) = max(0, x)(this is directly used later on), d(q,
Based on the designs of the ACF above, the safety of the mobile robot can be guaranteed with some environmental constraints. The main results are given as follows. 
. Hence, if the robot can go with an acceleration -a max in the direction of e(g i (q)−q), there must be V ir e(g i (q) − q) 0 whenever d(q, O i )→0, that is, there is no collision to happen between the mobile robot and the obstacle O i . From (6) and (8), whenever , then , that is,
Then from (2), the mobile robot must go with an acceleration -a max in the direction of e(g i (q) -q). This completes the proof.
Q.E.D.
According to Proposition 1, we define Environment Constraint 1 as follows:
and e( ( ) ) 0 i g⋅ − i V whenever 2 max d( , ) (pos( e( ( ) ))) 2 .
In (8), the dynamic constraints of the mobile robot are considered in the design of the magnitude of the repulsive force. It can guarantee the safety of the mobile robot with the environment constraint 1 from Proposition 1. In most of the conventional APF, the repulsive force is only a function of the relative position of the mobile robot with respect to an obstacle. Hence it cannot guarantee the safety of the mobile robot in applications. From the results above, we can have the following result. Theorem 1. In static environments, the ACFs, based on the parameter designs in (6) and (8) , can guarantee the safety of the mobile robot.
By using contradiction, it is easy to prove Theorem 1. In order to prove that the ACF can guarantee the safety of the mobile robot in a dynamic environment, we first prove the following proposition. (6) and (8), F ri and F rj are both very large for this case. According to (5) and (7), the attractive force and the coordinating force are both limited, and the coordinating force is orthogonal to the repulsive force at any time. Thus they both can be neglected to consider the safety problem. Then (2) can be rewritten as According to Proposition 2, define the Environment Constraint 2:
( , ) 0, ,
In fact, the effect of the coordinating forces in the case of Proposition 2 helps to guarantee the safety of the mobile robot, though it is not considered there. By far, we obtain the following result. Theorem 2. Assume the maximum velocity and acceleration of the mobile robot are V max and a max , respectively. The maximum radius of the sensors within which the obstacles can be effectively detected is R>>2(V max ) 2 /a max , and assume the environment constraints 1 and 2 are satisfied. Then the mobile robot is safe in the ACFs using the designs in (5) (8) .
Proof. If there is only one observable obstacle, it is the case in Proposition 1. Otherwise, any other case can be regarded as the typical case in Proposition 2 that the robot is moving between two obstacles. Hence, from Propositions 1 and 2, the mobile robot is safe in the ACFs.
Reachability of the ACFs
Reachability of the ACFs is the ability of the mobile robot using ACFs to reach its goal provided that there is a safe path from the starting point to the goal in the environment, which requires that there are no local minima in ACFs. In conventional APFs, the attractive force and repulsive force may be balanced at some points where local minima exist. These points are usually between multiple obstacles or on the opposite side of the obstacle with respect to the goal point. However, local minima at these points can be removed by properly using the coordinating forces in ACFs.
2.4.1
Using the coordinating force to remove local minima. Let k ni in (7) be ( ) 2 max 1 pos( ( ) (pos( e( ( ) ))) 2 )
where m > 0 is to be defined.
Obviously, it is easy to remove the local minima using the coordinating force if there is only one observable obstacle. As for the multiple-obstacle case, the coordinating force should be designed to remove the local minima between any two obstacles such that the mobile robot can go through the passage between any two obstacles satisfying the environment constraints 1 and 2. fig. 3 ).
Lemma 1.
Neglecting the effects of the attractive and coordinating forces, the mobile robot is moving on curve C when passing a passage between two obstacles, and the following equations hold:
, E ri E rj .
(The proof is omitted).
, ( , ) ( , ) i j Fig. 3 . The mobile robot is passing a passage between two obstacles. 
According to Lemma 1, in order for the robot to pass the passage along curve C, the following equations hold: − . Note that the smaller a is, the larger k nc /k rc is in this case. It is consistent with the practical fact. If the robot is a circle with radius r, then the corresponding condition should be k nc k rc ( ) 2 R R r r + . This is used in the simulations. Proposition 3 provides a theoretical view to the design of the ACFs' parameters, though some assumptions are strict. And in fact, the minima-free conditions in Proposition 3 are just sufficient, since the attractive force is neglected in the proof.
Online decision making based on coordinating factors.
In order to remove the local minima between multiple obstacles in uncertain dynamic environments, the coordinating factors with respect to different obstacles should be properly decided on line such that the coordinating forces can provide actuating forces to the mobile robot to balance the repulsive forces. On the other hand, the wall-following behavior [19] should be adopted when the mobile robot meets a large obstacle of even nonconvex shape such that the robot can follow the boundary of the obstacle to go until the robot can directly find in free space the direction in which the goal exists. In this case, the coordinating force is used directly as the actuating force for the robot to follow the "wall". For this purpose, the coordinating factors should also be properly decided on line.
The decision-making of λ is based on the decision-making of the local sub-goal in the observable region of the mobile robot. The local sub-goal [20] is denoted by e ds , which should be an appropriate tradeoff between the collision-avoidance behavior and the going-to-goal behavior. In this paper, the mobile robot is expected to avoid an obstacle along the shortest path in local environment. For a static obstacle, the wall-following behavior should be able to be generated. And for a moving obstacle, the robot is expected to run away from the trajectory of the obstacle as fast as possible. To these aims, the local sub-goal is decided as follows with respect to an obstacle O:
: e ds = e(F a )+κ e(V r ),
where V r and V O are the velocities of the mobile robot and the obstacle, respectively, κ 1, V O is a constant. Then the optimal decision-making of the coordinating factor with respect to the obstacle O is
If the velocity of an obstacle is lower than a constant V O , then it can be regarded as a static obstacle. (10a) is a tradeoff between the going-to-goal behavior and the collision-avoidance behavior, and (10b) provides such a sub-goal that the robot is expected to avoid a moving obstacle as fast as possible. The angle between the optimal direction of the coordinating force and the local sub-goal is less than 90° such that the coordinating force can provide an actuating force to the mobile robot. It should be noted that different coordinating factor may correspond to different motion behavior, and the desired motion behavior of the mobile robot is basically determined by the optimal decision-making of the coordinating factors. It can also be verified that the coordinating factor decided by (10c) is consistent with the minima-free conditions in Proposition 3.
2.4.3
Realization of the wall-following behavior and no local minima. In order to realize the wall-following behavior with respect to an obstacle, the coordinating factor should be kept constant once the mobile robot meets the obstacle. To show (10c) can provide a consistent coordinating factor with respect to an obstacle, we have the following results. Proposition 4. All the obstacles are satisfied with the environment constraints 1 3. Let f r = F a e(F ri ), f n = F a e(F ni ). If we choose k nc in (7) such that F ni e(F ni )+f n > 0, then wall-following behavior can be generated based on (10) once the robot meets the obstacle O i in the case f r <0.
Proof. Because the obstacle O i is convex, its boundary i O ∂ can be classified into two parts according to the sign of f r . As for f r 0, the angle between the repulsive and attractive forces is less than 90°, and the mobile robot can run away from the ACF of the obstacle quickly. Hence the wall-following behavior is unnecessary in this case. And for the case f r <0, the angle between the repulsive and attractive forces is more than 90°. In this case, it can be regarded that f r = −F r e(F r ), and then the planning equation in (2) 
Obviously, the velocity of the mobile robot is basically determined by the coordinating force, and it finally converges to ( ) e( ) . Further study can show that the wall-following behavior can also be realized for a non-convex obstacle based on (10), but this is not discussed in detail here. The repulsive force may prevent the mobile robot from reaching its goal if the goal point is very close to an obstacle. To overcome this problem, we let [14] (with respect to a static obstacle)
where k 1 >0, and 0<k 2 ∠ a b , otherwise, it is 1. 
where K a , K ri , K ni , and λ i are chosen according to (5) (11) .
The outputs of the planning equation are the desired behavior for the mobile robot to take.
Simulations
The planning equation (3) is used in the simulations. The parameters of the mobile robot are: its radius is r = 0.3 m, the maximum acceleration a max = 0.5 m/s 2 , the maximum velocity V max =0.5 m/s, the maximum detecting radius of the sensors is R = 1.5 m>2(V max ) 2 /a max . The parameters of the ACF are chosen as follows:
Step 1. The parameters of the attractive force (in (5)). k a = 1, M a = 4. If these parameters are set to be too large, they may affect the safety of the robot.
Step 2. The parameters of the repulsive force (in (6) and (11)). n = 2, ε 1 = 0.05, , k 1 = 0.5, k 2 = 0.5. The repulsive force should be much larger than the attractive force within the minimum safe radius predefined for the robot.
Step 3. The parameters of the coordinating force (in (7)). ε 2 = 0.05, M n = 200; k nc = 6k rc , m = 2 (in Proposition 3). Based on the parameters chosen for the repulsive force, these parameters for the coordinating force are chosen basically according to Proposition 3.
Step 4. Collision risk. k risk 1 = 0.1, k risk 2 = 0.9. They are chosen according to different inclinations.
Step 5. Decision-making of the coordinating factor (in (10)). V O = 0.2 m/s, κ = 2; the larger κ is, the larger the impact of the current velocity on the sub-goal is, which further affects the trajectory of the mobile robot.
Step 6. The parameters for the control law (in (12)). α = 1, β = 0.5, K f = 10. The larger K f is, the larger is the damp of the planning equation.
(i) The ACFs can reduce oscillations. Fig. 4 . Results of the conventional APFs. Fig. 4 is the result using the conventional APFs, and the results of the ACFs are given in fig. 5 . The coordinating forces can exert an actuating force to the mobile robot with proper decision-making of the coordinating factors, and all the virtual forces in ACFs are proportional to the collision risk. Hence, the ACFs can effectively reduce the oscillation on the trajectory between multiple obstacles. However, the oscillation of "S" shape exists on the trajectory planned by the conventional APFs based methods. It should also be noted that the velocity and acceleration planned for the mobile robot by ACFs are both satisfied with the dynamic constraints. (ii) The ACFs can improve the autonomy and intelligence of the mobile robot and remove the local minima. See fig. 6(a) (d) . The moving obstacle is assumed to be a circle with radius 0.35 m and velocity 0.35 m/s. Wall-following behavior is generated once the robot meets an obstacle that is in its current moving direction. After meeting the moving obstacle, the velocity of the mobile robot is reduced by the repulsive force, and then the coordinating force actuates the robot to turn left such that the robot can avoid the moving obstacle as quickly as possible (see fig. 6 ). After avoiding this moving obstacle, the mobile robot follows again the boundary of another static obstacle that is on the line joining the current position of the robot and the goal. Without the coordinating forces, this intelligent behavior "turning left" was difficult to be realized just using the conventional APFs, and local minima might be encountered during this simulation. The planned trajectory is quite smooth, and there is no "S"-shape oscillation in fig. 6 either. Moreover, no heuristic knowledge is needed and only local knowledge of the environment is used in our ACFs-based method. 
Conclusions
In order to overcome the limitations such as local minima and oscillations on the planned trajectory of the conventional APFs-based methods, artificial coordinating fields are proposed in this paper. There are three principles in designing the ACFs: (a) All the virtual forces are functions of the motion purpose and relative states of the mobile robot with respect to the local environments. (b) The repulsive force should satisfy the dynamic constraints of the mobile robot. (c) The coordinating force should satisfy the minima-free conditions. The ACFs are adaptable and controllable, and can guarantee the safety and reachability with some environment constraints, compared with the conventional APFs. Moreover, the ACFs are more robust since more information of the robot and environment can be represented. In the local dynamic coordinates defined in this paper, the ACF has full-dimensional forces, instead of one-dimensional force in the conventional APF. The conventional APF is just a special case of the ACF. Further study will extend the two-dimensional case of the ACF of this paper to a more general n-dimension case.
